Background and objective: Single nucleotide polymorphisms (SNPs) of the calcium-sensing receptor (CASR) gene at the regulatory region were associated with idiopathic calcium nephrolithiasis. To confirm their association with nephrolithiasis, we tested patients with primary hyperparathyroidism (PHPT). Design: A genotype-phenotype association study. Methods: In all, 332 PHPT patients and 453 healthy controls were genotyped for the rs7652589 (GOA) and rs1501899 (GOA) SNPs sited in the noncoding regulatory region of the CASR gene. Allele, haplotype, and diplotype distribution were compared between PHPT patients and controls, and in stone forming and stone-free PHPT patients. Results: The allele frequency at rs7652589 and rs1501899 SNPs was similar in PHPT patients and controls. The A minor alleles at these two SNPs were more frequent in stone forming (nZ157) than in stone-free (nZ175) PHPT patients (rs7652589: 36.9 vs 27.1%, PZ0.007; rs1501899: 37.1 vs 26.4%, PZ0.003). Accordingly, homozygous or heterozygous PHPT patients for the AA haplotype (nZ174, AA/AA or AA/GG diplotype) had an increased stone risk (odds ratio 1.83, 95% confidence interval 1.2-2.9, PZ0.008). Furthermore, these PHPT patients had higher serum concentrations of ionized calcium and parathyroid hormone (1.50G0.015 mmol/l and 183G12.2 pg/ml) than patients with the GG/GG diplotype (nZ145, 1.47G0.011 mmol/l (PZ0.04) and 150G11.4 pg/ml (PZ0.049)). Using a logistic regression model, the increase in stone risk in PHPT patients was predicted by AA/AA or AA/GG diplotype, the highest tertile of serum ionized calcium values and the lowest tertile of age. Conclusions: Polymorphisms located in the regulatory region of the CASR gene may increase susceptibility of the PHPT patients to kidney stone production.
Introduction
Parathyroid glands regulate parathyroid hormone (PTH) secretion through the calcium-sensing receptor (CASR), a G-protein-coupled receptor located in the plasma membrane of their chief cells and activated by the extracellular calcium. Binding of calcium ions with the CASR extracellular domain ensues in the inhibition of PTH secretion to maintain serum concentrations of calcium within the normal range (1) . CASR expression in the cell membrane is controlled by two alternative promoters (P1 and P2), located before either exon 1A or exon 1B of the CASR gene. They encode the same CASR protein and their functional differences are still unknown (2) (3) (4) .
Primary hyperparathyroidism (PHPT) is characterized by a PTH-stimulated increase in serum concentrations of calcium and an abnormally high parathyroid gland set point (5) . The expression of CASR, as mRNA or protein, was found downregulated in parathyroid adenomas from PHPT patients, thus contributing to the parathyroid set point increase in these patients (6) (7) (8) .
Kidney stones that are generally related to hypercalciuria are a common complication in PHPT patients (9) . Nonconservative Arg990Gly polymorphism (SNP) of the CASR gene is associated with a specific phenotype in PHPT patients, characterized by kidney stones, lower serum concentrations of PTH, and higher urine calcium excretion (10, 11) . This SNP is located in Exon 7 of the CASR gene coding for the intracellular and the transmembrane domains of the molecule (12, 13) . Two other SNPs (rs7652589 and rs1501899) of the CASR gene, located in the 5 0 -flanking region and Intron 1 of the CASR gene ( Fig. 1 ), are associated with calcium kidney stones in idiopathic stone formers (12) . These SNPs have not been functionally characterized, but their location in the CASR gene regulatory region including the gene promoters suggested that they might influence CASR expression. The bioinformatic analysis with the prediction tool MATCH 11.2 and the TRANSFAC 12.1 database on eukaryotic transcriptional regulation indicated that the variant alleles at rs7652589 and rs1501899 SNPs resulted in changes in transcription factors binding sites that downregulate CASR expression (14) . This suggestion was consistent with the higher plasma levels of PTH found in idiopathic stone formers carrying these variant alleles (14) . To confirm these findings in PHPT, the present work explored the distribution of the alleles at the rs7652589 and rs1501899 SNPs and their association with kidney stones in PHPT patients.
Materials and methods

Patients and controls
Three hundred and thirty-two patients with sporadic PHPT were recruited at the Endocrinology Units of the San Giovanni Rotondo Hospital and Fondazione Ospedale Maggiore in Milan from 2001 to 2006. Patients with hormonal and biochemical findings or a family history suggesting familial hypocalciuric hypercalcemia were excluded from this study. Patients with parathyroid carcinoma were also excluded. Their values of serum creatinine had to be 1.2 mg/dl or less.
Blood concentrations of total and ionized calcium, creatinine, and PTH were measured in all PHPT patients. Calcium/creatinine ratio was measured in spot urine collected in the morning after overnight fasting. Patients were routinely assessed for renal stones and were considered as stone formers if they had an ultrasound examination, urography, plain-film radiography positive for stones, or a positive history of urinary stone emission or surgical removal.
Controls (nZ453) included healthy volunteers who had a normal clinical examination on visiting the Policlinico Hospital in Parma as blood donors of the Fondazione Ospedale Maggiore in Milan, and blood donors of the Casa Sollievo della Sofferenza at San Giovanni Rotondo. The blood concentrations of the total calcium, creatinine, and PTH were measured in all healthy controls. The blood concentrations of ionized calcium were measured in the healthy individuals recruited at the Casa Sollievo della Sofferenza at San Giovanni Rotondo.
Individuals taking drugs or with diseases influencing bone metabolism other than PHPT were excluded from this study.
Total calcium, and creatinine were measured by standard colorimetric techniques. Ionized calcium was measured by specific electrode and serum intact PTH by IRMA or chemiluminescence method (both at Nichols Institute Diagnostics, San Juan Capistrano, CA, USA). Blood samples from each participant were stored at K80 8C to genotype for CASR gene SNPs.
The study was approved by the Ethical Committees of the Casa Sollievo della Sofferenza Hospital in San Giovanni Rotondo, Fondazione Ospedale Maggiore Policlinico, Mangiagalli e Regina Elena, and San Raffaele Hospital in Milan. All participants provided informed consent to participate in the study.
Genotyping
All participants were genotyped for SNPs rs7652589 (GOA, position 123371778, located in the 5 0 -flanking region of CASR gene) and rs1501899 (GOA, position 123390018, located within Intron 1 of the CASR gene). rs7652589 is w11 000 bp upstream of P1 and rs1501899 is 4668 bp downstream of P2 (4) (Fig. 1) . Genotyping was performed with the 5 0 nuclease assay technology for allelic discrimination using fluorigenic probes in a specific Taqman SNP genotyping assay (Applied Biosystems, Foster City, CA, USA) as previously described (14) . Amplification was performed in 8 ml final volume with 20 ng genomic DNA at the following conditions: 95 8C for 20 s, and 40 cycles each at 95 8C for 3 s, and 60 8C for 30 s. SNP variation was assessed by means of the allelic discrimination assay employing the Applied Biosystems Software Package SDS 2.1. All genotyping ambiguity was resolved by checking raw fluorescence data and by repeating the genotyping.
Haplotypes, made by rs7652589 and rs1501899, were identified using PHASE (http://depts.washington.edu/ fphase/). The GG haplotype included the more recurrent alleles at these SNPs. AA haplotype included the rarer (minor) alleles at both SNPs. AG and GA haplotypes had the rarer allele at one of the two SNPs (15) .
Statistical analysis
Distribution of CASR alleles, haplotypes, or diplotypes was analyzed by c 2 test or multinomial logistic regression. Relative risk of stone formation was estimated by calculating the odds ratio (OR) and 95% confidence interval (95% CI). Quantitative variables are reported as meanGS.E.M. Differences between means were tested by one-way ANOVA with Tukey's post hoc test to compare difference between the groups. Dependence of stones in the CASR gene polymorphisms was evaluated in a multinomial logistic regression model including CASR gene diplotypes (three groups), gender, and tertiles of age, serum ionized calcium, serum PTH, serum creatinine, and calcium excretion as independent variables. These statistical analyses were performed using the SPSS 11 statistical package (Chicago, IL, USA).
Linkage disequilibrium between SNPs over the CASR gene was analyzed using Haploview (http://www.broad. mit.edu/mpg/haploview). Evidence of linkage disequilibrium was considered as D 0 O0.7 (16). Statistical analysis was conducted at the aZ0.05 level and was two-tailed. For this a level and a difference in allele frequency at rs7652589 and rs1501899 of 10% we calculated that 309 participants had to be enrolled to have a statistical power of 80% (17) . Table 1 shows the mean values of the variables measured in PHPT patients and controls and in PHPT patients with or without kidney stones. Patients with stones were younger and had higher serum calcium concentrations than patients without stones. The proportion of men was higher among PHPT stone formers.
Results
CASR gene allele distribution in PHPT patients
Allele distribution at rs7652589 (GOA) and rs1501899 (GOA) SNPs respected the Hardy-Weinberg equilibrium in the whole population, in the group of PHPT patients, and in healthy individuals (c 2 test; DFZ2, PO0.86). Linkage disequilibrium was found between the rs7652589 and rs1501899 SNPs in PHPT patients (D 0 Z0.95) and healthy controls (D 0 Z0.93). The frequency of the A variant alleles at rs7652589 and rs1501899 was not different in PHPT patients and healthy controls, whereas it was significantly higher in PHPT patients with stones than in those without stones (Table 2) . Accordingly, the haplotype AA including A allele at both the SNPs was more recurrent in PHPT patients with stones than in stonefree patients ( Table 2) .
Diplotypes of the CASR gene in stone forming PHPT patients
PHPT patients were distributed according to their diplotype including rs7652589 and rs1501899. GG/GG, GA/GG, AG/GG, AA/GG, and AA/AA diplotypes were detected in PHPT patients. Other diplotypes were not observed among PHPT patients. Taking patients with the GG/GG diplotype as the reference group, the frequency of stone formers was increased in PHPT patients carrying the AA/AA diplotype (OR 2.4, 95% CI 1.1-5.1, PZ0.029) and in those carrying the AA/GG diplotype (OR 1.7, 95% CI 1.1-2.8, PZ0.024) (Fig. 2) . No increased stone risk was found in patients carrying the AG/GG or GA/GG diplotype, considered as a unique group, but only 13 patients had these diplotypes (Fig. 2) . The stone risk was not different in the PHPT patients with the AA/AA or AA/GG diplotype carrying one or two copies of the AA haplotype (OR 1.4, 95% CI 0.6-2.9, PZ0.42). Considered together, these patients (nZ174) had a stone risk that was increased above 80.3% (OR 1.83, 95% CI 1.2-2.9, PZ0.008; GG/GG patients as the reference group). Furthermore, PHPT patients carrying the AA/AA or AA/GG diplotype had higher serum concentrations of ionized calcium and PTH than patients with the GG/GG diplotype (Table 3) .
A model of logistic regression was used to evaluate the variables predicting the stone risk in PHPT patients (Table 4 ). An increase in stone risk was associated with the AA/AA or AA/GG diplotype, the highest tertile of serum ionized calcium and the lowest tertile of age.
Discussion
In a previous study, we have observed an increased frequency of the minor alleles at the rs7652589 and rs1501899 SNPs of the CASR gene in idiopathic kidney stone formers (14) . In the present study, we have genotyped PHPT patients for these two SNPs and found that their minor alleles were more frequent in patients with kidney stones. The distribution of alleles at these SNPs was similar in idiopathic and PHPT stone formers (14) . Therefore, the rs7652589 and rs1501899 SNPs may be associated with idiopathic kidney stones and secondary forms of calcium kidney stones, like PHPT. However, these CASR gene SNPs were not associated with PHPT per se.
rs7652589 and rs1501899 SNPs are in linkage disequilibrium and are located in the first haplotype block of CASR gene (14) . The haplotypes including the two minor alleles (AA) or the two more recurrent alleles (GG) at both the SNPs were predominant and the stone risk was more marked in homozygous and heterozygous patients for the AA haplotype (AA/AA and AA/GG diplotypes).
The rs7652589 SNP is situated w11 000 bp upstream of P1 and the rs1501899 SNP is 4668 bp downstream of P2 (14) . Even though they are located at some distance from the proximal promoters they have the potential to alter transcription of the CASR gene. A previous bioinformatic analysis suggested that the sequences of the minor alleles at rs7652589 and rs1501899 could alter the binding sites of transcription factors that would normally be expected to upregulate the gene (14) . Hence, transcription of the CASR gene in the presence of the minor alleles might be reduced leading to decreased CASR expression. Alternatively, the SNP within intron 1 might alter splicing of the pre-mRNA, or the SNPs might be in linkage disequilibrium with other SNPs in the CASR gene that could influence its activity. A downregulation of the CASR expression agrees with higher serum concentrations of ionized calcium and PTH that we found in PHPT patients carrying variant alleles at both rs7652589 and rs1501899 SNPs. These findings had borderline significance, but we did not expect marked changes in serum calcium and PTH in PHPT patients in association with polymorphisms of a single gene, because these traits result from a complex network of biological influences. However, these findings may provide a functional indication and it is likely that CASR gene regulatory region SNPs may aggravate the decreased expression of CASR observed in parathyroid gland adenomas (6) (7) (8) .
In the kidney, a CASR expression downregulation could contribute to stone production by increasing phosphate load to distal tubules and decreasing urine dilution and acidification capability of the collecting duct cells. These functional modifications were found in different experimental models in the presence of a reduced tubular CASR activity (18) (19) (20) . The CASR effect on the urine acidification was shown to prevent tubular calcium phosphate precipitation in a hypercalciuric rat model (19) . Instead, the efficacy of the CASR activity on water and phosphate reabsorption in protecting the kidney against calcium salt precipitation, although likely, has not been experimentally tested (18, 20) . According to our hypothesis, a reduction in calcium excretion is expected in association with the rs7652589 and rs1501899 SNPs, because the CASR activation inhibits calcium reabsorption in the ascending limb and distal convoluted tubule (8, 21) . However, hypercalciuria results from chronic hypercalcemia and the very high filtered calcium in PHPT. The consequent tubular calcium overload exceeds the tubular calcium reabsorption capability and may overwhelm the effect of the hypothesized CASR downregulation on the tubular calcium reabsorption (8, 22) . This may explain why patients carrying minor alleles at the rs7652589 and rs1501899 SNPs did not have lower calcium excretion. On the contrary, the effect of the CASR downregulation on tubular phosphate, proton, and water handling, might amplify the calcium phosphate stone risk induced by hypercalciuria in PHPT patients (23) .
In addition to the tubular effect, a protective activity of CASR against the Randall's plaque formation and calcium oxalate stones was hypothesized (14, 23) . Findings in tissues different from kidney may support this hypothesis because a decreased CASR expression was observed in human calcified arteries and CASR activation may prevent calcium phosphate precipitation in arterial walls of uremic rats (24, 25) . Therefore, the loss of CASR expression might expose the hypertonic interstitium of the kidney papillae to the risk of calcification as Randall's plaque (23) . In previous studies, Arg990Gly SNP was associated with stones and high calcium excretion in PHPT patients (10, 11) . Our findings from different tests on transfected HEK-293 cells indicated that 990Gly might be an activating polymorphic allele (14, 26) . Therefore, the stone risk in PHPT patients might be associated with SNPs having opposite effects on the CASR function: the activating nonconservative Arg990Gly SNP and downregulating rs7652589 and rs1501899 SNPs. This contradiction cannot be solved today and its resolution requires functional studies to test the effect of the variant alleles at rs7652589 and rs1501899 on the CASR gene transcription and their interaction with the Arg990Gly SNP. The transcriptional activity of CASR gene promoter from subjects with different genotypes could be directly tested in a luciferase system. Double transfected HEK-293 cells could then be prepared to investigate the interaction between the promoter activity and the Arg990Gly SNP. In addition, our findings need to be confirmed in other studies on wider PHPT populations.
In conclusion, our findings suggest that the rs7652589 and rs1501899 SNPs, located in the regulatory region of the CASR gene, are associated with a specific phenotype in the PHPT patients characterized by increased susceptibility to kidney stones and higher serum concentrations of ionized calcium and PTH. Since these SNPs do not cause an amino acid change and are located in the regulatory region of CASR gene, our findings are suggestive of a downregulation of the CASR expression in parathyroid and kidney cells. How this condition may determine the predisposition to stone remains unknown, but may be independent from hypercalciuria.
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